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CIRCULATORY FACTORS IN THE PATHOGENESIS
OF EXPERIMENTAL ARTERIOLAR NECROSIS*
L. L. WATERS AND G. I. DESUTO-NAGYt
If the renal arteries of normal dogs are ligated, azotemia associated with
some degree of hypertension occurs, and death results within a few days.
In the heart, gall-bladder, stomach, and intestinal tract, medial necrosis of
arterioles may be found together with focal hemorrhages and necrosis of
smooth or cardiac muscle. The vascular changes were described by
Goldblatt' and have been observed many times in this and other laboratories
in animals subjected to severe renal damage.7 Anatomically they differ in no
respect from the arteriolar changes often encountered in man in malignant
hypertension.
Beyond the frequent association of these lesions with hypertension and
renal failure, very little is known of their pathogenesis. The experiments to
be reported bear on the role of hypertension and of venous circulatory
factors in the pathogenesis of experimental arteriolar necrosis in dogs.
Experiments with adrenalin
A relatively simple demonstration of the relationship of hypertension to
experimental vascular disease would be the occurrence of arteriolar changes
in animals following injection of vaso-pressor substances. Beginning in
1903, adrenalin and other pressor amines were injected repeatedly into
laboratory animals in an effort to produce acute or chronic arterial disease.'
Aortic medial hemorrhage and necrosis followed by patchy fibrosis or
calcification was the usual result in rabbits. In dogs, less definite and less
consistent changes were observed. In addition to aortic lesions, Duff and
his associates' in 1939 reported the occurrence of scattered arteriolar
necroses in rabbits given repeated injections of tyramine. This type of
experiment has been discontinued probably because the commonly observed
aortic lesions correspond only to rare forms of arterial disease in man.
In the course of investigations in this laboratory on the vascular-
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damaging effects of various substances, it was found that intravenous
injections of N-amylamine resulted, in dogs, not only in aortic hemorrhage
and necrosis, but also in necrosis of muscular coronary arteries. Since the
dogs with lesions of their coronary arteries had maintained, following
injection, mean femoral arterial pressures of 220-280 mm. Hg for approxi-
mately 30 minutes, enough adrenalin was injected into dogs to duplicate
the extent and duration of this rise.
Usually from 4 to 8 cc. of standard 1 :1000 solution given intravenously in divided
doses was required. This of course is an enormous amount of adrenalin. But it should
be pointed out that the arterial blood pressure that results is not far above that
occurring in severe hypertension in man, and the hypertensive episode is measured in
minutes rather than in months or years. Further, only five of eighteen animals have
died following this regimen.
Histological examination of the tissues of eighteen dogs at varying
intervals after one or repeated hypertensive episodes induced by adrenalin,
revealed widespread damage to smooth and cardiac muscle (Table 1).
Focal necrosis and hemorrhage of the media of the thoracic aorta were
consistently present (Fig. 1). These changes were most conspicuous at the
origins of the great arterial branches. Similar hemorrhages and necroses
were found in the main stem of the pulmonary artery. Segmental fibrinoid
necrosis and hemorrhage of small coronary arteries and arterioles was
present, most frequently in vessels of the right ventricle and septum (Figs.
2, 3, 4). Similar changes were frequently present in small arteries in the
gall-bladder (Fig. 5), stomach (Fig. 6), and colon. After more prolonged
courses of adrenalin an occasional arcuate or interlobular vessel in the
kidney was the seat of focal necrosis or hemorrhage, but as a rule the kidney
vessels were not involved. No necrosis of cerebral or retinal vessels has
been found.
Depending on the stage and severity of damage, there might be fibrinoid
necrosis of the arterial media only, or a panarteritis with abundant
periarterial cellular exudate. With time-a week or ten days-the vessel
healed by medial and perivascular fibrosis. Focal necroses and hemorrhages
in the myocardium were often extensive. These healed, leaving myocardial
and subendocardial scars. Of the eighteen dogs injected with adrenalin,
fifteen had numerous vascular lesions as described; three, only minimal
changes. Experiments designed to yield more chronic lesions are in
progress.
Dogs receiving injections of adrenalin, in addition to a marked rise in
blood pressure, exhibited (as would be expected) strong peripheral
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FIG. 1. Dog 477. Adrenalin. Hemorrhage in media of aorta. x 225.
FIG. 2. Dog 474. Adrenalin. Medial necrosis of coronary arteriole. x 275.At~~~
11~ ~ ~ .E, u 3 ^* .F.v
FIG. 3. Dog. 480. Adrenalin. Edema and necrosis of media of coronary artery.
Periarterial cellular exudate. x 220.
FIG. 4. Dog 570. Adrenalin. Three days after last of four daily injections. Necrosis
of media of coronary artery. Perivascular fibrosis. x 265.t~~~~~~~~~~~~~~~. Vb;>*
t*'s' T-.st~~~*A
AJ
FIG. 5. Dog. 521. Adrenalin. Gall-bladder. Necrosis of arteriole in submucosa. x 250.
FIG. 6. Dog 474. Adrenalin. Stomach. Necrosis of branching submucosal arteriole.
x 320.I ";S.e-;*F
....B;}:X9
FIG. 7. Dog 597. Double nephrectomy. Transfusions of whole blood. Medial hemor-
rhages of aorta and innominate branch. x 40.
FIG. 8. Dog 608. Transfusions of whole blood. Necrosis of coronary arteriole. x 280...~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ..... .. ... ..
....~~~ ~~~~~.. ..... .. ...
10
FIG. 9. Dog 516. Massive edema of gall-bladder one-lhalf hour after a sinigle large
tranisfusioni of blood. x 40.
FIG. 10. Dog 608. Tranlsfusionls of wlhole bloo(d. Necrosls of artery in submlucosa of
gall-bladder. x 140.
......
X... .7 .i:FIG. 11. Dog 572. Blood and adrenalin. Branch of renal artery. Medial edema, lhemior-
rliage, aiid necrosis of smootlh muscle. Loss of vascular endotlheliuni. x 325.
FIG. 12. Dog 573. Blood and adrenalini. Kidney. Necrosis of interlobular arterv. Thle
glomeruli aind cortical tubules are well preserved. x 300.EXPERIMENTAL ARTERIOLAR NECROSIS
vasoconstriction. After some minutes of hypertension there was gross
oxygen unsaturation of the arterial blood and air hunger as evidenced by
moderate hyperpnoea. The cardiac rate was most often very rapid after the
first injection, slow after succeeding ones. Direct observation of the heart
during the injection period was carried out in a few animals not listed in
the table. There was acute dilatation, particularly of the right ventricle and
pulmonary conus. No gross narrowing of the superficial coronary arteries
could be detected. The impression was gained that there was slight dilata-
tion of these vessels. Dilatation of the coronary veins was prompt and
maximal. None of the dogs receiving adrenalin developed azotemia.
Of interest, as will be brought out in a following section, was the direct
observation that the gall-bladder, often after 1 to 2 cc. of adrenalin, became
grossly edematous and developed ecchymotic spots. The liver was dusky
and engorged. Because of these findings, jugular vein pressures were taken
and were found to be greatly elevated, the rise paralleling that of the
arterial pressure in duration (Tracing 1). Venous pressure values two and
even three times the control readings were recorded. Once the administra-
tion of adrenalin was discontinued, the venous pressures fell to preinjection
levels.
Since there are available a number of effective adrenolytic drugs, the
preventative effect of one of these, N,N-dibenzyl-f3-chloroethylamine,
Dibenamine,* was tested. A series of seven dogs were pretreated with
20 mg./kg. Dibenamine' intravenously and subsequently were injected with
large amounts of adrenalin. The blood pressure rise was, in each instance,
completely abolished, but the cardiac acceleration due to adrenalin was
retained. Subsequent histological examination of the tissues of these animals
at appropriate intervals revealed no blood vessel changes whatsoever and
in only one dog were minute foci of myocardial necrosis found.
In the Dibenamine protected dogs, as already stated, there was no rise
of arterial pressure with adrenalin; there was also no peripheral vaso-
constriction or rise in venous pressure. Gross evidence of anoxemia was
absent.
Experiments with blood
From the preceding observations with adrenalin it was clear that the
arteriolar and cardiac changes following adrenalin administration were
associated not only with the presence of systemic hypertension, but also
with the presence of greatly increased venous pressure, with cardiac dilata-
* Courtesy of Smith, Kline and French, Inc.
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tioIn, and with anoxemia. It was noted also that shortly after injection the
right heart, liver, gall-bladder, stomach, and intestines became the seat of
enormous venous congestion. It was of interest, therefore, to test the
TRACING 1. Dog 585. Weigh1t 9.5 kgs. Femoral arterial pressure (F.P.) anld jugular
venous pressure (J.P.) in cm. Hg after injectioni of 1 cc. 1:1000 adrenlalin at A. Timle
in minutes. The venous pressure returned to preinjection level after 4 nmillutes.
vascular-damiaging effects of increased venous pressure and filling without
a factor of marked arterial constriction as contributed by adrenalin.
A series of eight normal dogs were given daily massive transfusiolns of citrated
compatible dog blood in ani effort to reproduce the rise in venous pressure, thie acuteEXPERIMENTAL ARTERIOLAR NECROSIS
cardiac dilatation, and the anoxemia observed in animals receiving adrenalin. Blood
was run in rapidly by vein until incipient cyanosis or severe vomiting occurred. This
stage was usually reached after 50-100 cc./kg. of whole blood had been transfused.
Venous pressures rose markedly (Tracing 2). During such massive transfusions a
transient rise in arterial pressure of 15-30 mm. Hg was ordinarily observed. The
mean femoral pressures never exceeded 170 mm. Hg in these dogs. The experimental
animals received transfusions of this size daily for 3 to 8 days (Table 2). Gross and
histologic examination of their tissues was carried out at intervals after the last
transfusion.
TRACING 2. Dog 620. Weight 10.0 kgs. Femoral arterial pressure (F.P.) and jugular
venous pressure (J.P.) in cm. Hg during and after rapid transfusion of 300 cc.
compatible dog blood. Transfusion begun at A, terminated at B. Time in minutes. The
venous pressure returned to preinjection level after 25 minutes.
The changes in the heart, gall-bladder, and gastro-intestinal tract after
massive transfusions of citrated compatible dog blood reproduced many of
those following injections of large amounts of adrenalin (Table 2, Figs. 7,
8, 9, 10). Extensive hemorrhages and areas of fresh necrosis were con-
sistently present in the heart. Medial hemorrhage and necrosis of the
aorta and pulmonary artery were found in four dogs. There was wide-
spread fibrinoid necrosis of the small coronary arteries. Edema, lhemorrhage,
and necrosis of smooth muscle of the gall-bladder, stomach, and rectum
were prominent. Widespread arteriolar necroses were present in these
viscera. There was marked central congestion of the liver, sometimes with
early necrosis. Branches of the hepatic artery were often necrotic. After
massive infusions of blood the kidneys revealed numerous cortical petechial
interstitial hemorrhages. Cloudy swelling of both proximal and distal
tubules was present but not marked. There was no necrosis of tubular
epithelium. The glomeruli were generally intact although their capillary
tufts were edematous. An occasional arcuate or interlobular cortical artery
was the seat of medial hemorrhage or early fibrinoid necrosis. These
changes were more frequently observed in dogs receiving blood than in
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those receiving adrenalin alone. In two dogs hemoglobin was present in a
few of the glomerular spaces and in distal convoluted tubules. In the other
animals no hemoglobin was found in the kidneys. As already mentioned,
tubular changes were not conspicuous.
Only preliminary physiological and chemical study of these animals has
been made. None of the dogs receiving blood has had an arterial blood
pressure above 170 mm. Hg during the course of the experiment.
Hematocrits, as would be expected, became progressively elevated in the
dogs receiving blood. Blood non-protein nitrogen was moderately elevated;
urinary output increased. The animals receiving blood became ill, vomited
often, and some died before termination. Six of the eight dogs receiving
whole blood had widespread vascular and smooth muscle lesions; two,
minimal lesions of this type.
Besides the group of normal dogs receiving blood, three dogs were given
whole blood following double nephrectomy. Two of these developed many
vascular changes, the third, minimal lesions (Table 2). One normal dog
(No. 582) was given plasma instead of whole blood on six consecutive
days. Severe necrosis of the coronary arterioles and myocardium was
present in this animal.
Experimnents with blood and adrenalin
A group of six dogs has been given a combination of large amounts of
compatible blood followed immediately by an intravenous injection of 1 cc.
of 1:1000 adrenalin solution. This procedure was carried out in each
animal on several successive days. Extensive arteriolar necroses in the
heart, gall-bladder, and gastro-intestinal tract have occurred in five of
these dogs (Table 3).
The kidney findings in this group have been of particular interest.
Grossly the organs are large, with pale cortices. Fleck-like interstitial
hemorrhages are present beneath the capsule. On the cut surface the pale
cortex contrasts with the enormously congested medulla. Numerous con-
fluent petechial hemorrhages are present in the boundary zone. On micro-
scopic examination, widespread fibrinoid necrosis and hemorrhage are
found in the walls of the renal arteries and arterioles (Figs. 11 and 12).
The arcuate and interlobular vessels are most extensively involved, with
occasional necrosis of an afferent glomerular arteriole. The glomeruli them-
selves are intact except for some edema. There is no necrosis or even
marked cloudy swelling of the cortical tubules. The boundary zone of
the kidney is the seat of enormous venous congestion and interstitial
hemorrhages.
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Experimnents with renal extracts
Since a )attern of cardiovascular damage similar to that seen in
experinmental renal insufficiency occurs after adrenalin administration or
the transfusion of large quantities of blood, it was of immediate interest to
TRACING 3. Dog 589. WVeiglit 9.1 kgs. Femoral arterial pressure (F.P.) and jugular
venous pressure (J.P.) in cm. Hg after intravenous in;jection of 25 cc. vasopressor
renal extract at A. Time in minultes. The arterial and venous pressures returnied to
preinjection levels after 18 minutes.
see if similar circulatory changes are present in conditions of experimlental
renal instufficienicy that result in arteriolar necrosis.
The injection of pressor extracts of normal hog kidney into doubly
nephrectomized dogs usually results in widespread arteriolar necroses.7c
Four dogs were tlherefore nephrectomized anid pressor extracts of hog
kidiney were prepared according to a known procedure.7c On the fourtlh day
following nephrectomy, under light pentothal anesthesia, the animals were
762EXPERIMENTAL ARTERIOLAR NECROSIS
given two intravenouts injections of 25 cc. of kidney extract 20 minutes
apart. Femoral arterial anid jugular veniotus pressures were recorded and a
small incision was imade over the costal nmargin in the mid-line so that the
gall-bladder cotuld be observed. Injections of the extract resulted in arterial
pressor responises of the renin type. 'Venous pressure values rose abruptly
in some instances to at least double the pre-injection level (Tracing 3).
TRACING, 4. Dog 590. Weight 4.5 kgs. Femoral arterial pressure (F.P.) and jugular
venous pressure (J.P.) in cIIm. Hg after intravenious injectioni of 25 cc. vasopressor
renal extract at A. Time in ininutes. Small rise in arterial pressure. Arterial and
venous pressures returned to preinjection levels after 14 minutes.
The dturation of the venotus pressure rise followed the cturve of the
arterial pressure. It was noted in some inistainces that although there was
very little total rise in arterial pressure, the rise in veenous pressure was
large (Tracing 4).
During and following the injectioni of renal extract the gall-bladder was
observed from timle to time. At the beginning of the experiment this organ
w-as thin-walled and a tranislucent blue-green in color. Within a few minutes
a gross alteration occurred. Starting at the base, the gall-bladder wall
became thick, white, and opaque. This change spread towards the fundus,
so that within 30 nminutes the wlhole sac was edematous and distended.
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Petechial hemorrhages appeared beneath the serosa, and larger hemorrhages
deeper in the wall. The gross appearance of the gall-bladder was similar to
that occurring frequently after adrenalin administration, or after the infu-
sion of large quantities of blood. In animals sacrificed 30 minutes to one
hour after injections of renal extract as described, not only was the
edematous, hemorrhagic gall-bladder found, but also fresh myocardial and
pulmonary artery hemorrhages similar in location to those seen after
injections of adrenalin, blood, or bilateral ligation of the renal arteries.
There is, of course, ample evidence, previously obtained,7c that repeated
injections of renal extracts into nephrectomized dogs result in fibrinoid
necrosis of the arterioles of the heart and viscera.
Discussion
The first section of this paper describes the occurrence of widespread
aortic, arteriolar, and myocardial lesions in dogs after large intravenous
injections of adrenalin. That the vasoconstriction and rise in arterial
pressure are factors in the pathogenesis of these changes is suggested by
the fact that the lesions can be prevented by pretreatment with Dibenamine,
which selectively abolishes the pressor effects of adrenalin. In the acute
experiments described, no factor of gross renal failure was present. Never-
theless, the type of arteriolar and smooth muscle lesions and their distribu-
tion are similar to those that follow experimentally produced renal damage.
In addition to relating arteriolar necroses to vasoconstriction and
hypertension, the experiments with adrenalin reveal that in this instance
there are also other circulatory phenomena, namely, venous pressure and
filling, cardiac dilatation, and anoxemia to be considered. The significance
of these factors becomes apparent in subsequent experiments involving
transfusion of blood.
Injection of adrenalin into dogs provides a relatively simple experimental
method for the production of acute arteriolar lesions for anatomical and
biochemical study. Investigation of the relation of such acute lesions to
arteriolosclerosis is in progress.
The myocardial necroses that follow adrenalin injections afford material
for a correlative study of anatomical and biochemical changes in the
myocardium with reproduceable and measurable changes in the peripheral
circulation.
Finally, the demonstration that a chemotherapeutic agent, Dibenamine,
can almost completely prevent the anatomical changes associated with
adrenalin injection should intensify search for chemotherapeutic substances
effective prophylactically in hypertension in man.
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Following the adrenalin experiments, the vascular-damaging effects of
intravenous injections of large quantities of blood are described. The type
and distribution of the lesions occurring after these injections are similar
to those occurring in experimental renal insufficiency, or following
adrenalin injection. These experiments demonstrate further that extreme
hypertension is not essential to the development of widespread experimental
arteriolar necrosis. They emphasize again that factors of blood volume,
hemo-concentration, venous pressure, local venous filling, cardiac dilata-
tion, and anoxemia may be of importance. It is interesting that Holden and
his associates' have recently and independently demonstrated the deleterious
effect on the hearts of dogs of massive transfusions of blood. Because of the
renal damage demonstrated in dogs receiving massive blood transfusions,
humoral factors of renal origin exerting a direct toxic effect on blood vessel
walls may be implicated as etiologic factors in the arterial changes observed.
However, nephrectomized dogs given blood develop identical vascular
lesions. Sensitization to foreign proteins as a factor in the etiology of the
cardiovascular lesions occurring after massive blood transfusions is not
ruled out by the experiments reported. The lack of gross signs of
anaphylaxis, the early appearance of the changes, and the massive quantities
of blood necessary to produce them argue against this possibility.
Next described are experiments combining blood transfusions with
adrenalin injection. These demonstrate the synergistic effect of these
procedures in producing lesions of arterial and cardiac muscle. In dogs
receiving blood, only 1 cc. of adrenalin, per dose, instead of four or eight,
resulted in severe vascular damage. The finding of widespread arterial
changes in the kidneys of the dogs of this group may allow the experimental
reproduction of some of the anatomical changes occurring in nephrosclerosis
in man.
The most recent experiments demonstrate that pressor fractions of
kidney protein injected into nephrectomized dogs result not only in
increased arterial pressure but also in markedly elevated venous pressures
and in congestive phenomena similar to those observed after injections of
adrenalin or large blood transfusions. These findings suggest the possibility
that mechanical circulatory factors may be active in the production of
arteriolar necroses associated with experimental renal disease.
Summary
The same arteriolar lesions and similar changes in venous circulatory
dynamics are described in three types of experimental procedures, each of
765766 YALE JOURNAL OF BIOLOGY AND MEDICINE
which leads to arteriolar necroses in the dog. The experimental procedures
include: (1) injections of large amounts of adrenalin, (2) rapid intra-
venous injection of large volumes of blood, or blood and adrenalin, and
(3) injections of extracts of pressor renal proteins into nephrectomized
dogs. It is suggested that changes in venous pressure, blood volume,
hematocrit, and oxygen saturation of the blood may play a role in the
pathogenesis of the arteriolar lesions observed. Arterial constriction, in
addition to any direct vascular damaging action it may have, may also act
indirectly on the vessel walls by initiating physiological changes in the
venous circulation.
The arteriolar lesions that follow injections of large quantities of
adrenalin can be prevented by pretreatment with an adrenolytic substance,
Dibenamine.
Injections of adrenalin combined with massive transfusions of blood
result not only in arterial damage in the heart, aorta, and gastro-intestinal
tract, but also in diffuse arterial necrosis and hemorrhage in the kidneys of
intact dogs.
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